Aims: Off-line post-processing of colour tissue Doppler from digital loops may allow objective quantification of dobutamine stress echocardiography. We assessed the reproducibility of off-line measurements of regional myocardial velocities.
Introduction
Non-invasive diagnosis of coronary artery disease remains a challenge. Exercise electrocardiography is still widely performed, but its average sensitivity and specificity are 68% and 77% [1] and its sensitivity in women may be as low as 51% [2] . Nuclear perfusion imaging and stress echocardiography increase diagnostic accuracy but have not replaced the traditional test. Doubts about stress echocardiography have focused on its sub-optimal reproducibility -there is a learning curve before an observer becomes independent [3] and even among experts, variability is considerable [4] . Using qualitative visual analysis of wall motion and thickening on grey-scale images, stress echocardiography is unreliable unless the quality of images is optimal.
The utility of stress echocardiography may be improved by tissue Doppler analysis of regional myocardial velocities, but pulsed Doppler cannot be recorded in 'real time' from each segment during each stage of a standard protocol. This problem may be overcome by digital storage of colour Doppler images from which regional myocardial Doppler profiles can be retrieved [5] . This study was designed to assess the feasibility and inter-observer reproducibility of off-line quantification of regional myocardial function from tissue Doppler echocardiography applied during dobutamine stress echocardiography.
Methods
This investigation was part of a multicentre collaboration entitled MYDISE (myocardial Doppler in stress echocardiography). Participants are listed in the appendix.
Patients
Subjects included in this report were normal volunteers, or patients with known coronary disease. Patients with unstable angina, myocardial infarction, or prior percutaneous coronary intervention or bypass surgery, were excluded. Each patient gave informed consent, and ethical approval was given by the Ethics Committee of each institution.
Methods

Stress protocol
Dobutamine was infused intravenously for 3 min at 5, 10, 20, 30 and 40 g/kg/min; in patients who had not reached a heart rate d85% of [220 -patient's age in years] or attained another end-point, then the last dose was continued while intravenous atropine 0·25 mg was given every minute to a maximum of 1 mg. Pre-ordained end-points included intolerable symptoms (such as chest pain), >2 mm of planar or downsloping ST-segment depression, persistent arrhythmias such as ventricular tachycardia or atrial fibrillation, and hypotension (a fall of systolic pressure d30 mmHg) or bradycardia.
Echocardiographic acquisition
Patients were studied in the left lateral decubitus position, using a Vingmed System V machine (GE Vingmed, Horten, Norway) with a 2·5 MHz transducer. After 5-10 min of rest (baseline), and during the second 90 s of each stage, images were stored from four standard imaging planes: parasternal long-axis (PLAX), parasternal short-axis, apical four-chamber (A4C), and apical two-chamber (A2C). Digital images were acquired at passive end-expiration while displaying colour tissue Doppler, and a complete two-beat loop was edited to start before one QRS complex and to end after the third QRS complex. This loop was reviewed in 'real-time' to ensure that there was no significant translation of the heart on the image, before being transferred to a Macintosh computer. Loops were stored in the Echopac programme (Vingmed), and on magneto-optical disc.
To avoid aliasing during stress, the Nyquist limit was increased to 25 cm/s. The depth of imaging and the sector angle in each view were adjusted to obtain the highest possible frame rate for colour tissue Doppler, while viewing the whole of the left ventricle; the goal was a rate d100 per second.
Selection of studies
To assess inter-observer variability, 10 random studies from the database were circulated between the centres by an independent statistician. The studies were obtained in seven men and three women aged 37-80 years; six were normal subjects, and four had coronary disease. Feasibility is reported in 92 normal subjects aged 20-80 years (50 men, 42 women).
Off-line analysis
For assessment of inter-observer and intra-centre variability, all studies were analysed independently by nine observers, including four in a single centre. Observers were blind to the status or clinical details of the subjects.
Digital loops were retrieved and analysed from three stages during each study (baseline, 20 g/kg/min, and peak dose of dobutamine). Measurements were made in each myocardial segment, according to the ASE 16-segment model [6] . The imaging planes and the location of each sample volume (cursor) are illustrated in Fig. 1 . In parasternal long-axis views, the cursor was positioned within the posterior wall in systole so that it did not encompass the pericardium. In apical views, each left ventricular 'wall' was divided into thirds, and the cursor was placed within the basal portion of each segment; in the basal segments it was positioned so that it never encroached upon the mitral annulus during systole. No angle corrections were used. Doppler traces were rejected for analysis and an alternative adjacent site was studied, if the Doppler profiles of the two heartbeats were considerably different.
Variables measured
Doppler profiles were measured using customized software (Echopac TVI, Vingmed). Six variables were each averaged from two beats ( Fig. 2 
):
Peak systolic velocity (PSV): the maximal velocity (in cm/s) during systole (point 3), excluding the early peak during isovolumetric contraction.
Time-to-peak systolic velocity (TTP): the interval from the onset of the first deflection of the QRS complex on the ECG, to the peak systolic velocity (in ms) (interval from point 1 to point 3).
Velocity time integral (VTI) of the systolic signal:
the area under the points defining the systolic velocity waveform (in cm), from the end of the isovolumetric velocity signal (point 2) to the end of the systolic velocity (taken as the first 'zero-crossing'; point 4).
Myocardial E wave amplitude: the maximal negative velocity during early diastole (in cm/s), excluding isovolumetric relaxation (point 5). Myocardial A wave amplitude: the maximal velocity during atrial contraction (in cm/s) (point 6). When Figure 1 . Diagram illustrating sites for location of sample volume in each echocardiographic segment. BS basal septal, BL basal lateral, from the apical 4-chamber (A4C) view; BI basal inferior, BA basal anterior, from the apical 2-chamber view (A2C); MS mid-septal and ML mid-lateral (both apical four-chamber), MI mid-inferior and MA mid-anterior (apical two-chamber); AS apical septal and AL apical lateral (apical four-chamber), AI apical inferior and AA apical anterior (apical two-chamber); MP mid posterior, BP basal posterior, SM mid anterior septum, SB basal anterior septum, all from the parasternal long-axis view. The dots demonstrate the locations selected for the sample volume in each segment during systole, and the tails attached to each dot represent the motion of the heart in each segment during diastole relative to the fixed sample volume; thus, for example, the basal segments are sampled in the apical four-chamber view during systole adjacent to the mitral annulus but during diastole the velocities recorded will be derived from the mid-portions of the basal segments. 
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myocardial E and A waves were fused at rapid heart rates, then a single diastolic velocity was measured. Acceleration: the mean systolic acceleration of the myocardium (in cm/s 2 ) was calculated from peak systolic velocity divided by time-to-peak systolic velocity.
Statistical Methods
In a pilot study, variations of individual measurements from mean observed values and traces which yielded high inter-observer variability were studied. The protocol was refined to minimize variations, and guidelines for measurement were agreed.
For this study, the most appropriate characterisation of inter-observer variability is given by the pooled standard deviation. A simple rationale for sample size requirements is that any standard deviation can be estimated to within approximately 20% of itself, with 95% confidence, when there are 60 degrees of freedom. The present study was designed to have a maximum of 72 degrees of freedom [(number of studies 1) (number of observers 1)] and thus adequate statistical precision. For each segment, the number of residual degrees of freedom is shown in Table 1 .
Estimates of the total variability between observers, in the form of pooled standard deviations, were calculated by taking the square root of the within-groups mean square error of the one-way random effects analysis of variance models; the outcome variable such as peak systolic velocity was the dependent variable and study (i.e. patient) was the independent variable. Ninety-five percent confidence intervals were calculated from the centiles of the Chi-square distribution. Each pooled standard deviation was divided by its corresponding mean value, to give a coefficient of variation (in %).
Feasibility of performing off-line tissue Doppler echocardiography in 92 normal subjects is reported as the proportion of segments from which no data could be obtained or measured; missing data were coded as 'not seen' if a Doppler trace had not been acquired, for example due to poor windows, or as 'not analysable' if a trace was available but deemed of insufficient quality for analysis.
Statistical analysis of all data was undertaken in a core laboratory (in Cardiff).
Results
Reproducibility Study
A total of 21 600 tissue Doppler observations were analysed (nine observers 10 tests three stages 16 segments five variables).
The observers could not analyse a Doppler trace from the stored loops in some segments (Table 1) ; most problems were caused by difficulties in measuring low velocities in apical segments. Degrees of freedom available were d94% for apical septal and d83% for apical inferior segments, but only d68% for apical lateral and d47% for apical anterior segments. Inter-observer variabilities for three systolic parameters-peak systolic velocity, velocity-timeintegral, and time-to-peak systolic velocity -are shown in Figs 3-5, for the standard 16 myocardial segments. Inter-observer variability was greater at peak stress than at rest, in almost all segments.
Coefficients of variation for peak systolic velocity (Fig. 3 ) in basal segments on apical four-chamber and apical two-chamber were 9-14% at rest and 11-18% at peak stress. Other segments with coefficients of variation less than 20% both at rest and at peak stress were mid septal (apical four-chamber), mid inferior (apical 
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two-chamber), and basal posterior (parasternal longaxis). Segments with coefficients of variation less than 20% at rest only, were mid lateral (apical four-chamber), mid posterior (parasternal long-axis), mid anterior septal (parasternal long-axis) and apical inferior (apical two-chamber). The pooled standard deviations for peak systolic velocity in apical segments were higher than in the mid and basal segments of the same walls; they were 0·7-1·2 cm/s at rest and 1·9-2·8 cm/s at peak stress. Since the absolute velocities were also lower in magnitude, the resulting coefficients of variation were high, at 19-53% at rest and 29-69% at peak stress. The coefficient of variation for measurement of peak systolic velocity in the basal anterior septal segment (parasternal long-axis) was >100%.
Results for velocity time integral of the systolic signal (Fig. 4) showed a similar pattern to peak systolic velocity, but coefficient of variations were higher because each value was derived from three measurements made on each trace rather than one (see Fig. 2 ). Coefficient of variations for velocity time integral of the systolic signal in basal segments on apical four-chamber and apical two-chamber views were 9-17% at rest and 18-24% at peak stress. For time-to-peak systolic velocity (Fig. 5) , inter-observer variability was lowest for basal segments, with pooled coefficients of variation 16-18% at rest and 17-19% at peak stress.
Suboptimal feasibility and reproducibility made offline measurements unreliable in five segments: the four apical segments studied in apical four-chamber and apical two-chamber views, and the basal anterior septum assessed in the parasternal long-axis view. Detailed results for the seven basal and mid segments with best reproducibility and feasibility are shown in Table 2 , for systolic parameters, and Table 3 , for diastolic ones; these include regions supplied by all three major coronary arteries.
Coefficients of variation for myocardial acceleration were assessed in four basal myocardial segments in apical four-and two-chamber views. At baseline, the coefficients of variation for mean systolic acceleration of the basal septal, inferior, lateral and anterior segments were 18%, 19%, 20%, and 23% respectively; at peak stress, they were 21%, 21%, 24% and 27%.
Intra-centre variability among four observers in a single centre was compared with inter-observer variability between these observers and five more in other centres. There were no significant differences, although the coefficients of variation were consistently lower in the single centre. At rest, for basal septal, inferior, lateral and anterior segments the coefficients of variation for peak systolic velocity were 8, 9, 11 and 13% in the single centre, compared with 10, 11, 13, and 15% in the other centres; at peak stress the comparable values were 11, 12, 13, and 17% compared with 13, 14, 15, and 19%.
Feasibility Study
In 92 normal subjects, the feasibility of obtaining and analysing Doppler traces was >90% for all of the 11 segments with good reproducibility (Table 4) both at rest and peak stress, apart from the mid-anterior wall (on apical imaging) and the mid-anterior septum (on parasternal imaging) in both of which it was d80%. Missing data from the mid-anterior wall were due mostly to failures to image this segment, while in the mid-anterior septum data were missing mostly because traces were deemed to be unmeasureable.
Discussion
We have demonstrated that measurement of myocardial velocities from each coronary arterial territory is well reproducible, from digital loops acquired using colour tissue Doppler echocardiography. The technique can therefore quantify stress echocardiography objectively.
Reproducibility of Stress Echocardiography
A thorough study of the reproducibility of conventional stress echocardiography using analysis of wall motion, was reported by Hoffmann et al. [4] . Agreement for the diagnosis of single vessel disease was only 59%, and it was also low when the quality of images was poor. Others, such as Takeuchi and colleagues have reported a higher inter-observer agreement (93%) but they analysed only 15 studies and involved only two observers [7] . If clinicians are to make decisions using the results of stress echocardiography, then the test must be highly reproducible as well as accurate. Many previous studies have been underpowered and have involved too few observers; consequently their results are likely to be imprecise and to not allow inferences concerning agreement among observers in general. In comparison, our study was well powered so it could accurately assess the reproducibility of tissue Doppler as an objective technique for quantifying stress responses. This has theoretical attractions since myocardial velocity falls within 5 s after the induction of ischaemia [8] , and the decline in function is proportional to the reduction of subendocardial perfusion [9] .
Feasibility of Tissue Doppler During Stress
There is insufficient time during each stage of a stress test to acquire spectral Doppler profiles in real-time from all myocardial segments. A practical alternative is to store complete digital echocardiographic data during V=peak systolic velocity; VTI=velocity time integral; TTP=time-to-peak systolic velocity; =standard deviation; CI 95%=confidence intervals (between the 2·5 and 97·5 percentiles); CV=coefficient of variation.
the study, for post-processing [10] . Wilkenshoff and colleagues evaluated this method during supine bicycle stress, and reported that off-line measurements were as reproducible as measurements made during exercise [5] . We confirm that tissue Doppler data can be stored from most segments during pharmacological stress. Abbreviations as in Table 2 . E, A: myocardial velocities during early and atrial filling. Each cell contains the proportion of missing data.
Segments with suboptimal feasibility included the apical anterior segment in the apical two-chamber view (for which only 40 out of 72 degrees of freedom were obtained), and the septal segments in the parasternal long-axis image. Anteroseptal segments are probably studied better in apical long-axis images; this could not be performed in the current study due to constraints on the amount of data that could be stored for postprocessing. Reproducibility results were based on data available, which may have biased our study in favour of a 'good' result for segments with a high proportion of missing data. In most segments, however, the proportions of missing or uninterpretable data were small.
Reproducibility of Tissue Doppler Echocardiography
Optimal assessment of the reproducibility of an echocardiographic measurement would test its biological variability as well as the variability of acquisition, sampling and analysis. This has been performed in only one tissue Doppler study, which predictably showed increased variability when two observers independently repeated and analysed a study [11] . Using 'real-time' pulsed tissue Doppler, 95% confidence intervals for standard deviations expressed as a percentage of the mean, were 10-16% for longitudinal velocities and 14-24% for radial velocities [11] . Good reproducibility has been reported for off-line measurements of peak systolic velocity [12] even by inexperienced observers [13] , and for measurements of myocardial systolic velocity obtained by decoding velocities from the colour scale (coefficients of variation 8-10%) [14] . The latter method is limited by the frame rates and spatial resolution of cross-sectional imaging and it only identifies the band into which a velocity falls.
Reproducibility was best for systolic measurements in basal segments from apical windows. Function in these segments is influenced strongly by the subendocardial fibres of the left ventricle, so analysis of changes may be not only very reproducible but also sensitive to detect early dysfunction related to subendocardial ischaemia. A coefficient of variation of 10% implies that a difference between two measurements in a single patient can be confidently taken to be real when the value has changed by 28% more.
Sources of Variability in Off-line Tissue Doppler Measurements
Observers selected a site for the cursor and checked that the retrieved waveforms were similar from both beats within each stored loop. Variation between observers related to difficulties in timing, which can be considerable if there is post-systolic motion (Fig. 6 ). This could be reduced by displaying the timing of global systole and diastole during analysis, from a good phonocardiogram or markers of mitral and aortic valve opening and closure. Achieving high frame rates for tissue Doppler echocardiography entails some loss of lateral resolution. This has the possible benefit, however, that in apical views the retrieved waveform is not crucially affected by minor variations in the positioning of the cursor; it is likely that any pixel over the same wall at a particular depth will give a similar signal, corresponding to subendocardial function.
One observer consistently overestimated velocities, while another tended to under-estimate them. These differences may relate to systematic variations in positioning the cursor. It is important to sample standard sites; at the base of the heart, mitral annular velocities are higher than those of the adjacent myocardium, and there are velocity gradients between the subendocardial and subepicardial layers [15] and from the base to the apex [5, 14] . Coefficients of variation are greater when signals are small in amplitude, because of greater proportional errors. This accounts for the problems of measuring apical segments, and it may affect the measurement of abnormal responses that are also reduced in amplitude. The septal segments were least reproducible, but accurate diagnosis should be possible as long as some segments from each coronary territory can be studied. We suggest that velocities in basal segments can be measured to screen whether or not stress responses are normal; if they are abnormal, then more detailed study (for example using strain rate) could identify which specific segments of the related myocardial walls are the site of ischaemia.
Limitations
This report presents early experience, and agreement may improve with practice and with technical developments such as faster frame rates (giving higher quality traces with less sampling error). The analyses were time consuming but only selected parameters may need to be measured in clinical practice. Loops were acquired while displaying colour Doppler and so it was not possible to optimize the underlying grey-scale images. For this reason, and because it was not the objective of the study, we have not reported the reproducibility of wall motion analysis.
The study assessed sampling and measurement variability, but not 'biological' variability which is greater [11] . Each sample volume was fixed during the cardiac cycle, meaning that a segment of the myocardium is scanned while the heart moves; this disadvantage is shared by most echocardiographic measurements. Variation due to translation of the heart was minimized by recording during passive end-expiration.
Conclusions
Guidelines improve agreement in the interpretation of wall motion [16] , and harmonic imaging, left heart contrast, and automatic boundary detection improve the reproducibility of stress echocardiography using greyscale imaging at fundamental frequencies. The current study has demonstrated that off-line tissue Doppler echocardiography is a highly reproducible and objective method for quantifying stress responses in basal and mid-myocardial segments.
